Exclusive diffractive photon bremsstrahlung at the LHC by Lebiedowicz, Piotr & Szczurek, Antoni
ar
X
iv
:1
30
2.
43
46
v1
  [
he
p-
ph
]  
18
 Fe
b 2
01
3
Exclusive diffractive photon bremsstrahlung at the LHC
Piotr Lebiedowicz1, ∗ and Antoni Szczurek1, 2, †
1Institute of Nuclear Physics PAN, PL-31-342 Cracow, Poland
2University of Rzeszo´w, PL-35-959 Rzeszo´w, Poland
Abstract
We calculate differential distributions for the pp→ ppγ reaction at the LHC energy√s = 14 TeV.
We consider diffractive classical bremsstrahlung mechanisms including effects of non point-like na-
ture of protons. In addition, we take into account (vector meson)-pomeron, photon-pion as well as
photon-pomeron exchange processes for the first time in the literature. Predictions for the total
cross section and several observables related to these processes e.g. differential distributions in
pseudorapidities and transverse momenta of photons or protons are shown and discussed. The
integrated diffractive bremsstrahlung cross section (Eγ > 100 GeV) is only of the order of µb. We
try to identify regions of the phase space where one of the mechanisms dominates. The classical
bremsstrahlung dominates at large forward/backward photon pseudorapidities, close to the pseu-
dorapidities of scattered protons. In contrast, the photon-pomeron (pomeron-photon) mechanism
dominates at midrapidities but the related cross section is rather small. In comparison the virtual-
omega rescattering mechanism contributes at smaller angles of photons (larger photon rapidities).
Photons in the forward/backward region can be measured by the Zero Degree Calorimeters (ZDCs)
installed in experiments at the LHC while the midrapidity photons are difficult to measure (small
cross section, small photon transverse momenta). Protons could be measured by ALFA detector
(ATLAS) or TOTEM detector at CMS. The exclusivity could be checked with the help of main
central detectors.
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I. INTRODUCTION
Exclusive diffractive photon bremsstrahlung mechanism at high energies was almost not
studied in the literature. Because at high energy the pomeron exchange is the driving
mechanism of bremsstrahlung it is logical to call the mechanisms described by the diagrams
shown in Fig.1 diffractive bremsstrahlung to distinguish from the low-energy bremsstrahlung
driven by meson exchanges 1. The exclusive photon production mechanism is similar to
pp→ ppω [3] and pp→ ppπ0 [4] processes. As discussed in the past the dominant hadronic
bremsstrahlung-type mechanism is the Drell-Hiida-Deck (DHD) mechanism [5] for diffractive
production of πN final states (for a nice review we refer to [6] and references therein).
The pp→ ppγ process at high energies was discussed only recently [7] and it was proposed
to use the exclusive photon bremsstrahlung to measure or estimate elastic proton-proton
cross section at the LHC. Only approximate formulas for the classical bremsstrahlung were
given there. The participating particles were treated there as point-like particles. No differ-
ential distributions for the exclusive bremsstrahlung have been discussed.
The photons radiated off the initial and final state protons can be seen by the Zero Degree
Calorimeters (ZDCs) that are installed at about 140 meters on each side of the interaction
region. They will measure very forward neutral particles in the pseudorapidity region |η| >
8.5 at the CMS [8] and the ATLAS ZDCs provide coverage of the region |η| > 8.3 [9] 2.
The forward detectors beyond pseudorapidities of |η| > 3 provide an efficient veto against
neutral particle backgrounds in the ZDCs from diffractive and non-diffractive events (see
[7]). Furthermore the proposed Forward Shower Counters (FSCs), to detect and trigger on
rapidity gaps in diffractive events, would improve the measurements at the LHC significantly
[11]. In addition to a measurement of the elastic pp cross section the bremsstrahlung photons
could allow for the evaluation of the total pp cross section, luminosity and relative alignment
of the ZDCs and of the Roman Pot detectors.
In this paper, we wish to present a first detailed studies of single photon bremsstrahlung in
the exclusive process pp→ ppγ. We shall include classical bremsstrahlung diagrams as well
as some new diagrams characteristic exclusively for proton-proton scattering, not present e.g.
in e+e− scattering. We include diagrams which arise in the vector-dominance model as well
as photon-pion (pion-photon) and photon-pomeron (pomeron-photon) exchange processes
not discussed so far in the literature. We shall try to identify the region of the phase space
where one can expect a dominance of one of the processes through detailed studies of several
differential distributions.
II. THE AMPLITUDES FOR THE pp → ppγ REACTION
A. Diffractive classical bremsstrahlung mechanisms
The bremsstrahlung mechanisms for exclusive production of photons discussed here are
shown schematically in Fig.1. In the case of γ production the diagrams with intermediate
1 The photon bremsstrahlung was intensively studied in nucleon-nucleon collisions at low energies (see e.g.
[1, 2] and references therein). There the dominant mechanisms are nucleon current (off-shell nucleon)
and/or mesonic current (photon emitted from the middle of exchanged mesons) contributions driven by
meson exchanges.
2 Recently, the exclusive pp → nnpi+pi+ reaction has been studied in Ref.[10]. This reaction can be also
measured with the help of the ZDC detectors. Very large cross sections has been found which is partially
due to interference of a few mechanisms. Presence of several interfering mechanisms precludes extraction
of the elastic pi+pi+ scattering cross section. 2
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FIG. 1. Diagrams of the bremsstrahlung amplitudes driven by the pomeron exchange.
nucleon resonances (see [13]) should be negligible. The pronounced at low energy proton to
∆ isobar transitions are suppressed in high energy regime.
The Born amplitudes of diagrams shown in Fig.1 can be written as
M(a)λaλb→λ1λ2λ3 = e u¯(p1, λ1)ε∗/ (p3, λ3)SN(p21f)γµu(pa, λa) FγN∗N (p21f) FIPNN∗(p21f )
× is CNNIP
(
s
s0
)αIP (t2)−1
exp
(
BNNIP t2
2
)
1
2s
u¯(p2, λ2)γµu(pb, λb) , (2.1)
M(b)λaλb→λ1λ2λ3 = e u¯(p2, λ2)ε∗/ (p3, λ3)SN(p22f)γµu(pb, λb) FγN∗N(p22f ) FIPNN∗(p22f )
× is CNNIP
(
s
s0
)αIP (t1)−1
exp
(
BNNIP t1
2
)
1
2s
u¯(p1, λ1)γµu(pa, λa) , (2.2)
M(c)λaλb→λ1λ2λ3 = e u¯(p1, λ1)γµSN(p21i)ε∗/ (p3, λ3)u(pa, λa) FγNN∗(p21i) FIPN∗N (p21i)
× is12 CNNIP
(
s12
s0
)αIP (t2)−1
exp
(
BNNIP t2
2
)
1
2s12
u¯(p2, λ2)γµu(pb, λb) , (2.3)
M(d)λaλb→λ1λ2λ3 = e u¯(p2, λ2)γµSN(p22i)ε∗/ (p3, λ3)u(pb, λb) FγNN∗(p22i) FIPN∗N(p22i)
× is12 CNNIP
(
s12
s0
)αIP (t1)−1
exp
(
BNNIP t1
2
)
1
2s12
u¯(p1, λ1)γµu(pa, λa) , (2.4)
where u(p, λ), u¯(p′, λ′) = u†(p′, λ′)γ0 are the Dirac spinors (normalized as u¯(p′)u(p) = 2mp)
of the initial and outgoing protons with the four-momentum p and the helicities λ. The
factor 1
2s
or 1
2s12
appear here as a consequence of using spinors. The four-momenta squared
of virtual nucleons in the middle of diagrams are defined as t1,2 = q
2
1,2 = (pa,b − p1,2)2,
p21i,2i = (pa,b − p3)2, p21f,2f = (p1,2 + p3)2 and sij = W 2ij = (pi + pj)2 are squared invariant
masses of the (i, j) system. The propagators of the intermediate nucleons can be written as
SN (p
2) =
i(p/+mp)
p2 −m2p
, (2.5)
where p/ = pµγ
µ. The polarization vectors of real photon (ε∗/ (p3, λ3) = γ
νε∗ν(p3, λ3)) are
defined in the proton-proton center-of-mass frame
εν(p3,±1) = 1√
2
(0, i sinφ∓ cos θ cos φ,−i cosφ∓ cos θ sinφ,± sin θ) , (2.6)
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where θ is the polar angle and φ is the azimuthal angle of a emitted photon. It is easy to
check that they fulfill the relation εν(p, λ)ε∗ν(p, λ) = −1 and pνεν(p, λ) = 0.
We use interaction parameters of Donnachie-Landshoff [14] with CNNIP = 21.7 mb and the
pomeron trajectory αIP (t) linear in t
αIP (t) = αIP (0) + α
′
IP t, αIP (0) = 1.0808, α
′
IP = 0.25 GeV
−2 . (2.7)
The pomeron slope can be written as
B(s) = BNNIP + 2α
′
IP ln
(
s
s0
)
, (2.8)
where we use s0 = 1 GeV
2 and BNNIP = 9 GeV
−2 which approximately describes a running
slope for proton-proton elastic scattering. Since in our calculations we include effective
pomerons, i.e. pomerons describing approximately nucleon-nucleon elastic scattering, no
explicit absorption corrections have to be included in addition.
In the bremsstrahlung processes discussed here the intermediate nucleons are off-mass
shell. In our approach the off-shell effects related to the non-point-like protons in the inter-
mediate state are included by the following simple extra form factors
F (p2) =
Λ4N
(p2 −m2p)2 + Λ4N
. (2.9)
This form was used e.g. in Ref.[12] for ω photoproduction. In general, the cut-off parameters
in the form factors are not known but could be fitted in the future to the (normalized)
experimental data. From our general experience in hadronic physics we expect ΛN ∼ 1 GeV.
We shall discuss how the uncertainties of the form factors influence our final results.
We could “improve” the parametrization of the amplitudes (2.3) and (2.4) to reproduce
the high-energy Regge dependence by the factors
(
s13/m
2
p
)αN (p21i)− 12 and (s23/m2p)αN (p22i)− 12 ,
respectively, where the nucleon trajectory is αN(p
2
1i,2i) = −0.3 + α′N p21i,2i, with α′N = 0.9
GeV−2. We leave the problem of consistent nucleon reggezation in the context of high-energy
photon bremsstrahlung for future studies.
B. Bremsstrahlung of ω mesons
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FIG. 2. Diagrams of the bremsstrahlung amplitudes with virtual-ω meson (reggeon) and its trans-
formation to final state photon.
In Ref. [3] we have discussed bremsstrahlung of ω mesons. There one includes processes
when ω meson emitted by an (anti)proton interacts with the second (anti)proton. The Born
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amplitudes for the interaction with emitted virtual-ω meson and its subsequent transforma-
tion to a photon, shown in Fig.2, are obtained as
M(e) ωIP−exch.λaλb→λ1λ2λ3 = u¯(p1, λ1)γµu(pa, λa)Sµν(t1)εν∗(p3, λ3) gωNN Fω∗NN (t1)FIPω∗ω(t1)Cω→γ
× is23CωNIP
(
s23
s0
)αIP (t2)−1 ( s13
sthr
)αω(t1)−1
exp
(
BωNIP t2
2
)
δλ2λb , (2.10)
M(f) IPω−exch.λaλb→λ1λ2λ3 = u¯(p2, λ2)γµu(pb, λb)Sµν(t2)εν∗(p3, λ3) gωNN Fω∗NN(t2)FIPω∗ω(t2)Cω→γ
× is13CωNIP
(
s13
s0
)αIP (t1)−1 ( s23
sthr
)αω(t2)−1
exp
(
BωNIP t1
2
)
δλ1λa , (2.11)
where Sµν(t) is the propagator of the ω meson
Sµν(t) =
−gµν + qµqνm2ω
t−m2ω
. (2.12)
In our calculation we assume CωNIP = C
piN
IP = 13.63 mb [14] and the slope parameter
BωNIP = B
piN
IP = 5.5 GeV
−2 (see e.g. [3, 16]). The amplitudes above, (2.10) and (2.11),
are corrected to reproduce the high-energy Regge dependence by the Regge-like factors
(s13/sthr)
αω(t1)−1 and (s23/sthr)
αω(t2)−1, respectively. The ω-reggeon trajectory is taken as
αω(t) = 0.5 + 0.9 t and sthr = (mp +mω)
2.
Different values of the omega meson to nucleon coupling constant have been used in the
literature [17]. In our calculation we assume coupling constant g2ωNN/4π = 10. Similar value
was used in [18, 19]. The transformation of ω meson to photon is obtained within vector
dominance model [20] and Cω→γ =
√
αem/20.5 ≃ 0.02, αem = e2/(4π). For completeness of
this analysis we should include also amplitudes for the interaction with emitted (virtual) ρ
meson. Because of isospin, there is no mixing between the intermediate ω and ρmesons. The
transition of ρ meson to photon is more probable Cρ→γ =
√
αem/2.54 ≃ 0.05 whereas the
coupling constant gρNN is small compared with gωNN – in consequence the ρ−IP contribution
is comparable to the ω − IP contribution.
The off-shell form factors Fω∗NN and FIPω∗ω in (2.10) and (2.11) will be taken here in the
following exponential form:
Fω∗NN(t) = exp
(
t−m2ω
Λ2ωNN
)
, FIPω∗ω(t) = exp
(
t−m2ω
Λ2IPωω
)
, (2.13)
where ΛωNN = ΛIPωω = 1 GeV.
C. Pion cloud and γpi0 and pi0γ exchanges
In our present analysis we include also γπ0 and π0γ exchanges. The underlying mecha-
nisms are shown in Fig.3. Such diagrams are dictated by the presence of pion cloud in the
nucleon (see e.g. [21]).
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FIG. 3. Diagrams with the γpi0 and pi0γ exchanges in the pp→ ppγ reaction.
The amplitudes for the two new processes can be easily written as:
M(g) γpi0−exch.λaλb→λ1λ2λ3 = e u¯(p1, λ1)γαu(pa, λa)F1(t1)
× −gαβ
t1
Fγpi→γ(t1, t2) ε
βµνλ q1µ p3νε
∗
λ(p3, λ3)
× gpi0NNFpiNN(t2) 1
t2 −m2pi
u¯(p2, λ2)iγ5u(pb, λb) , (2.14)
M(h) pi0γ−exch.λaλb→λ1λ2λ3 = gpi0NNFpiNN(t1)
1
t1 −m2pi
u¯(p1, λ1)iγ5u(pa, λa)
× −gαβ
t2
Fγpi→γ(t2, t1) ε
βµνλ q2µ p3νε
∗
λ(p3, λ3)
× e u¯(p2, λ2)γαu(pb, λb)F1(t2) , (2.15)
where the γ∗NN -vertices are parametrized by the proton Dirac electromagnetic form factors
F1(t) =
4m2p − 2.79 t
(4m2p − t)(1− t/m2D)2
, (2.16)
where mp is the proton mass and m
2
D = 0.71 GeV
2. The coupling of the pion to the nucleon
g2piNN/4π = 13.5 is relatively well known (see e.g. [22]) and the corresponding hadronic form
factor is taken in the exponential form
FpiNN (t) = exp
(
t−m2pi
Λ2piNN
)
(2.17)
with ΛpiNN = 1 GeV. For the central vertices involving off-shell particles the γπ
0 form factors
are taken in the following factorized form
Fγpi→γ(t1, t2) =
Nc
12π2fpi
m2ρ
m2ρ − t1
exp
(
t2 −m2pi
Λ2γpi→γ
)
(2.18)
with the pion decay constant fpi = 93 MeV and Nc = 3. The factor describing the virtual
photon coupling is taken as in the vector dominance model. In practical calculations we
take Λγpi→γ = 1 GeV.
D. Photon rescattering, γIP and IPγ exchanges
At high energy there is still another type of diagrams (mechanisms) shown in Fig.4. We
shall call them in the following diagrams i) and j) for simplicity. Here the intermediate
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FIG. 4. Diagrams with the γIP and IPγ exchanges for the pp→ ppγ reaction.
photon couples to one of the protons through electromagnetic form factors and interacts
(at high energies) with the second proton exchanging pomeron (phenomenology) or gluonic
ladder in the QCD language (see e.g. [15]). This is a counterpart of the diagrams g) and h)
(see Fig.3) relevant at lower γp subenergies.
The amplitude of the three-body process can be written in terms of the amplitude for
elastic γp scattering. For not too large t the γp→ γp amplitude can be simply parametrized
as
Mγp→γp(s, t) ∼= isσγptot(s) exp
(
Bγp
2
t
)
. (2.19)
Such an amplitude gives, however, correct total cross section by construction. In the calcu-
lations presented in the Result section we shall use the simple Donnachie-Landshoff fit to the
world data on photon-proton total cross section [14] in which the pomeron and subleading
reggeon exchanges 3 have been included
σγptot(s) = C
γp
IP s
αIP (0)−1 + CγpIR s
αIR(0)−1 ,
CγpIP = 0.0677 mb, C
γp
IR = 0.129 mb, αIP (0) = 1.0808, αIR(0) = 0.5475 . (2.20)
In general, the slope parameter could be found by fitting to elastic γp scattering data
which are, however, unknown and very difficult to measure. Since the incoming photon
must first fluctuate to the qq¯ state which interacts by the pomeron exchange with a proton
before forming the outgoing vector meson, it seems reasonable to use a hadronic slope for
a first estimation. In practical calculations we shall use Bγp(s) = Bpip(s) with its energy
dependence, see Eq.(2.8).
Having fixed the elementary γp→ γp amplitude we can proceed to our three-body photon
rescattering amplitude. Limiting to large energies and small transverse momenta t1 and t2,
helicity conserving processes, the matrix element can be written as
Mλaλb→λ1λ2λ3 ∼= δλ2λbMγp→γp(s23, t2)
eF1(t1)
t1
(pa + p1)
µε∗µ(p3, λ3)δλ1λa
+ δλ1λaMγp→γp(s13, t1)
eF1(t2)
t2
(pb + p2)
µε∗µ(p3, λ3)δλ2λb . (2.21)
Using ~q1,2⊥ = −~p1,2⊥ we have then
Mλaλb→λ1λ2λ3 ∼= δλ2λbMγp→γp(s23, t2)
eF1(t1)
t1
2
z1
V ∗(q1⊥, λ3)√
1− z1
δλ1λa
+ δλ1λaMγp→γp(s13, t1)
eF1(t2)
t2
2
z2
V ∗(q2⊥, λ3)√
1− z2
δλ2λb , (2.22)
3 In the reggeon contribution the f2 exchange dominates over the a2 exchange similarly as in the hadronic
reactions, see [23].
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where the longitudinal momentum fractions of outgoing protons z1,2 are
z1 ∼= s23
s
, z2 ∼= s13
s
, z1, z2 < 1 (2.23)
and V (q⊥, λ3) can be calculated from x, y-components of momenta of participating protons
V (q⊥, λ3 = ±1) = e(λ3)µ qµ⊥ = −
1√
2
(λ3 qx + iqy) . (2.24)
E. Equivalent Photon Approximation
The cross section for γπ0 exchange and γIP exchange mechanisms can be also calculated
in the Equivalent Photon Approximation (EPA). In this approach the distribution of the
photon can be written as
dσ
dydp2⊥
= z1f(z1)
dσγp→γp
dt2
(
s23, t2 ≈ −p2⊥
)
+ z2f(z2)
dσγp→γp
dt1
(
s13, t1 ≈ −p2⊥
)
, (2.25)
where f(z) is a photon flux in the proton; an explicit formula can be found e.g. in [24]. The
differential distribution of elastic scattering at high energies is parametrized as
dσγp→γp
dt
(s, t) =
|Mγp→γp(s, t)|2
16πs2
. (2.26)
First energy and the longitudinal momentum of photon is calculated as a function of photon
rapidity and transverse momentum p⊥ =
√
p2x + p
2
y
Eγ = p⊥ cosh y, pz = p⊥ sinh y . (2.27)
We get
pz =
√
E2γ − p2⊥ for y > 0, and pz = −
√
E2γ − p2⊥ for y < 0 . (2.28)
Then energies in the photon-proton subsystems can be calculated approximately as
s13 ≈ (pa0 + Eγ)2 − (paz + pz)2 ,
s23 ≈ (pb0 + Eγ)2 − (pbz + pz)2 . (2.29)
The fractional energy, z1 and z2, losses of the protons with four-momenta pa and pb, respec-
tively, can be obtained from Eq.(2.23).
III. RESULTS
In the following section we shall show results of the differential distributions for the
exclusive bremsstrahlung mechanisms discussed in the previous section. The amplitudes for
processes discussed in the sections above are calculated numerically for each point in the
phase space. In calculating cross section of the three-body process we perform integrations
in ξ1 = log10(p1⊥/1GeV) and ξ2 = log10(p2⊥/1GeV) instead in p1⊥ and p2⊥, in the photon
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(pseudo)rapidity ηγ and the relative azimuthal angle between the outgoing protons φ12 =
φ1 − φ2.
The photon energy spectrum drops relatively slowly with photon energy as is shown in
Fig.5 (left panel). The ZDC detectors (at ATLAS or CMS) can measure only photons above
some energy threshold (e.g. Eγ > 50 GeV). In the calculation of classical bremsstrahlung
presented here we assume Eγ > 100 GeV as an example. Corresponding distributions in the
photon transverse momentum are shown in Fig.5 (right panel). The contribution of classical
bremsstrahlung is concentrated at very small transverse momenta which is consistent with
very small photon emission angle (large pseudorapidity). The other distributions have rather
similar shape and vanish at p⊥,γ = 0 GeV. The exact shape may depend somewhat on the
functional form and values of cut-off parameters of off-shell form factors taking into account
the non-point-like nature of the vertices involved. Here we have fixed the values of the
corresponding form factors at typical hadronic scales.
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FIG. 5. Energy spectrum of photons (left panel) and distribution in transverse momentum of
photons (right panel) for all processes considered here at
√
s = 14 TeV and ηγ > 0. For classical
bremsstrahlung we have imposed Eγ > 100 GeV and used two values ΛN = 0.8, 1 GeV of the
proton off-shell form factors (see the lower and upper solid line, respectively).
In Fig.6 we show auxiliary distribution in ξ1 = log10(p1⊥/1GeV) (left panel) and ξ2 =
log10(p2⊥/1GeV) (right panel), where p1⊥ and p2⊥ are outgoing proton transverse momenta.
For example ξ = −1 means proton transverse momenta 0.1 GeV. The biggest contribution for
the classical bremsstrahlung process comes from the region ξi ≈ −0.5 (i.e, pi⊥ ≈ 0.3 GeV).
The distributions in ξ1 or ξ2 are different because we have limited to the case of ηγ > 0 only.
In Fig.7 we show corresponding two-dimensional distributions in (ξ1, ξ2) in a full range
of photon (pseudo)rapidity. Quite different pattern can be seen for different mechanisms.
For the classical bremsstrahlung we observe an enhancement along the diagonal. This en-
hancement is a reminiscence of the elastic scattering for which ξ1 = ξ2. Photon rescattering
on the pion cloud (panel c) and photon rescattering with pomeron exchange (panel d) are
concentrated at small ξ1 or ξ2.
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FIG. 6. Distribution in ξ1 = log10(p1⊥/1GeV) (left panel) and ξ2 = log10(p2⊥/1GeV) (right panel)
at
√
s = 14 TeV and ηγ > 0. For classical bremsstrahlung Eγ > 100 GeV and we have used two
values of ΛN = 0.8, 1 GeV (see the lower and upper solid line, respectively) in the proton off-shell
form factors.
Photon (pseudo)rapidity distribution is particularly interesting. In Fig.8 we show both
distribution for photons ηγ (left panel) and corresponding distribution for outgoing protons
ηp (right panel) for all processes considered in the present paper. In this variable both
protons and photons are localized in a similar region of pseudorapidities (or equivalently
polar angles). The classical bremsstrahlung clearly gives the largest contribution. It is also
concentrated at very large ηγ i.e. in the region where ZDC detectors can be used. We
observe a large cancellation between the corresponding terms in the amplitude (2.1) and
(2.3) (see left panel) or (2.2) and (2.4). The photon rescattering process clearly dominates
in the region of ηγ. The cross section for this process is rather small. Clearly an experimental
measurement there would be a challenge.
In a first experimental trial one could measure only photons and perform a check for
rapidity gap in the midrapidity region. If protons are measured in addition, one could
analyze also some new observables related to protons. In Fig.9 we show distribution in
the four-momentum transfer squared between initial and final protons. One can observe a
change of slope of the t distribution which is caused by the bremsstrahlung of photons. In
our simplified model we have assumed a constant (in t1 and t2) energy-dependent slope.
In Fig.10 we show distribution in two-dimensional space (t1, t2). For the classical
bremsstrahlung (left panel) one can observe a ridge when t1 ≃ t2 which is reminiscence
of elastic scattering. The distributions discussed here could in principle be obtained with
the TOTEM detector at CMS to supplement the ZDC detector for the measurement of
photons.
In Fig.11 we compare distribution in photon-(forward proton) subsystem energy for all
processes considered in the present paper. The discussed here pp → ppγ process gives a
sizeable contribution to the low mass (mX > mp) single diffractive cross section.
If both protons are measured one could also study correlations in the relative azimuthal
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FIG. 7. Distribution in (ξ1, ξ2) = (log10(p1⊥/1GeV), log10(p2⊥/1GeV)) for the classical
bremsstrahlung (a), the omega-rescattering (b), the pion-clould (c) and the photon-rescattering
(d) mechanisms at
√
s = 14 TeV. For the classical bremsstrahlung we have imposed in addition
Eγ > 100 GeV and used ΛN = 1 GeV in the proton off-shell form factors.
angle between outgoing protons. Our model calculations are shown in Fig.12. One can
observe a large enhancement at back-to-back configurations for the classical bremsstrahlung
which reminds the elastic scattering case (φ12 = π). The contributions for other mechanisms
are significantly smaller and weakly depend on φ12.
IV. CONCLUSIONS
In this paper we have considered several mechanisms of exclusive single photon produc-
tion. We have calculated several differential distributions for the pp→ ppγ reaction at high
energy for the first time in the literature. The classical bremsstrahlung mechanism turned
out to give the biggest cross section concentrated at large photon (pseudo)rapidities. The
photons are emitted at only slightly smaller pseudorapidities than the scattered protons. We
observe a strong cancellation between the initial and final state radiation. The cross section
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√
s = 14 TeV and ηγ > 0 for the classical bremsstrahlung (a)
(Eγ > 100 GeV and ΛN = 1 GeV), the omega rescattering (b), the pion cloud (c) and the photon
rescattering (d) contributions.
for the classical bremsstrahlung is peaked at back-to-back configurations (similar transverse
momenta or polar angles of outgoing protons and relative azimuthal angle concentrated
close to φ12 = π). This is a clear reminiscence of elastic scattering. Cut on photon energy
(Eγ > 100 GeV) reduces the region of φ12 ∼= π significantly and the integrated diffractive
bremsstrahlung cross section is only of the order of µb. The cross section for pion-photon
or photon-pion exchanges is much smaller. Here both small (photon exchange) and large
(pion exchange) four-momentum transfers squared are possible. For this process there is no
correlation in azimuthal angle between outgoing protons.
Both classical bremsstrahlung and pion-photon (photon-pion) as well as virtual-omega
rescattering mechanisms could be studied with the help of Zero Degree Calorimeters (pho-
tons) and the ALFA or TOTEM detectors (protons). By imposing several cuts one could
select or enhance the contribution of one of the mechanisms. The cross section for pomeron-
photon or photon-pomeron exchanges is rather small and concentrated at midrapidities.
Furthermore, the transverse momenta of outgoing photons are small and cannot be easily
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measured with central ATLAS or CMS detectors.
Summarizing, even present LHC equipment allows to study exclusive production of pho-
tons. Since this process was never studied at high energies it is worth to make efforts
14
to obtain first experimental cross sections. Since the cross sections are reasonably large
one could try to obtain even some differential distributions. This would allow to test our
understanding of the diffractive processes and help in pinning down some hadronic and
electromagnetic off-shell form factors, difficult to test otherwise.
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